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Abstract

Stream discharges and concentrations of dissolved and colloidal metals (Al, Ca, Cu, Fe, Mg, Mn, Pb, and Zn),
SO4, and dissolved silica were measured to identify chemical transformations and determine mass transports

through two mixing zones in the Animas River that receive the in¯ows from Cement and Mineral Creeks. The
creeks were the dominant sources of Al, Cu, Fe, and Pb, whereas the upstream Animas River supplied about half of
the Zn. With the exception of Fe, which was present in dissolved and colloidal forms, the metals were dissolved in

the acidic, high-SO4 waters of Cement Creek (pH 3.8). Mixing of Cement Creek with the Animas River increased
pH to near-neutral values and transformed Al and some additional Fe into colloids which also contained Cu and
Pb. Aluminium and Fe colloids had already formed in the mildly acidic conditions in Mineral Creek (pH 6.6)
upstream of the con¯uence with the Animas River. Colloidal Fe continued to form downstream of both mixing

zones. The Fe- and Al-rich colloids were important for transport of Cu, Pb, and Zn, which appeared to have sorbed
to them. Partitioning of Zn between dissolved and colloidal phases was dependent on pH and colloid concentration.
Mass balances showed conservative transports for Ca, Mg, Mn, SO4, and dissolved silica through the two mixing

zones and small losses (<10%) of colloidal Al, Fe and Zn from the water column. Published by Elsevier Science
Ltd.

1. Introduction

Oxidation of pyrite (iron sul®de, FeS2) and the for-

mation of acidic waters with high Fe and SO4 concen-

trations are commonly associated with environments

in¯uenced by mineral deposits and debris from mining

and ore processing (e.g., Wentz, 1974). Sul®des of Cu,

Mn, Pb, or Zn often are present with pyrite, and oxi-

dation dissolves these metals and can further increase

acidity (Rimstidt et al., 1994). Acidic waters produced

by this process dissolve minerals containing other

metals, such as Al, that are largely insoluble in near-

neutral-pH waters. When acidic waters containing dis-

solved metals ¯ow into streams in which pH is higher,

the solubilities of some metal ions, such as Al3+ and

Fe3+, are greatly reduced and precipitates form

(Stumm and Morgan, 1996). In this type of reactive
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con¯uence, insoluble hydroxides of Al and Fe and
similar compounds can form amorphous colloids in

the water column and coatings on the stream bed (e.g.,
Theobald et al., 1963; Chapman et al., 1983; Rampe
and Runnells, 1989). Colloidal Al and Fe precipitates

and other metals that coprecipitate or adsorb to them,
such as Cu, Pb, and Zn, can be transported long dis-
tances before they are lost from the water column to

the stream bed (Kimball et al., 1995).
Colloidal metals adversely a�ect habitats and organ-

isms in riverine systems. As colloids aggregate, they ®ll

interstices in the stream bed and reduce the quality of
habitat for benthic invertebrates and aquatic plants
(e.g., McKnight and Feder, 1984; Malmqvist and Ho�-
sten, 1999; Niyogi et al. 1999). Colloidal metals accu-

mulated on the stream bed enter the food chain
through benthic organisms, which can produce toxic
e�ects when consumed by ®sh (Woodward et al., 1995;

Mayer et al., 1996). In the water column, colloidal Al
can be more toxic to ®sh than the dissolved metal
(Witters et al., 1996).

This study examines the transport of dissolved and
colloidal metals, SO4, and dissolved silica through two
con¯uences in the upper Animas River system. The

upper Animas River drains a caldera near the crest of
the San Juan Mountains in SW Colorado. Ring frac-
tures of the caldera are rich in pyrite and in ores that
were mined for Au, Ag, Cu, Pb, and Zn for over a

century (Varnes, 1963; Luedke and Burbank, 1996;
Fetchenhier, 1996). The town of Silverton is located

near the southern edge of the caldera where ¯ows from

Cement and Mineral Creeks join the Animas River
(Fig. 1). These creeks drain areas that contain abun-
dant natural mineral deposits as well as debris left

from past mining activities. The last active mine was
closed earlier in this decade, and projects to restore the
landscape and remediate e�ects of past mining activi-

ties in the river are in progress or being developed.
Particular emphasis has been placed on the restoration

of habitat for aquatic life in the Animas River
(Nimmo et al., 1998; Besser et al., 1998).
Over the last decade the Colorado Department of

Public Health and Environment (CDPHE), the US
Geological Survey (USGS), and other state and federal

agencies have conducted reconnaissance surveys to
identify speci®c areas that contribute to metal loading
in the upper Animas River basin. Surveys within the

Mineral and Cement Creek drainages have shown sig-
ni®cant inputs of metals from many natural and
mining-related sources (e.g., Wright and Janik, 1995;

Wright, 1997). Evidence of metal loading to the Ani-
mas River (ochreous and white deposits on bed and

bank materials) is visible at the con¯uences with
Cement and Mineral Creeks and extends at least 60 km
downstream from Silverton (Church et al., 1997;

Owen, 1997).
Elevations in the study area range from 2800 m at

the USGS gaging station on the Animas River below

Silverton (AR4) to over 4000 m at the surrounding
mountain peaks (Fig. 1). The area typically experiences

freezing temperatures and a deep snow pack from late
fall to early spring (Keen, 1996). The USGS has
measured the ¯ow of the Animas River at and below

Silverton and in Cement and Mineral Creeks since
October 1991 (Fig. 1). Flow of the Animas River at
AR4 for the 1992±1996 water years (October±Septem-

ber) shows large seasonal and interannual variability
(USGS 1996; Fig. 2). Spring snowmelt produces maxi-

mum ¯ow usually in June, followed by decreasing ¯ow
into late summer and fall. Variations in river ¯ow in
late summer are typically small and usually related to

thunderstorms or weak storm fronts. Mean ¯ow for
the 1996 water year (6.91 m3/s), when this study was
conducted, was less than the 5-a mean (8.18 m3/s), and

the spring peak in ¯ow occurred earlier than in most
of the previous years.

The unpublished data base compiled by CDPHE
over the last decade and recent work by Church et al.
(1997) shows some general relations between metal

concentrations and ¯ow in the Animas River below
Silverton. Concentrations of many dissolved metals

and SO4 are highest when ¯ow is low during late sum-
mer and early fall. However, high ¯ows associated
with snowmelt mobilize colloidal metals and can

greatly increase their concentrations. Consequently,
total transports of Al, Fe, Zn, Cu, and Pb are highest

Fig. 1. Locations of sampling sites on Cement and Mineral

Creeks and the Animas River near Silverton, Colorado. Site

numbers increase downstream in the Animas River.
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during the high-¯ow period primarily because of the

additional transport of colloidal metals that had been
temporarily stored in the streambed over the preceding
months of low ¯ow (Church et al., 1997). The study

presented here was conducted in September 1996 at
low ¯ow so that concentrations of metals were not
diluted by snowmelt or in¯uenced by resuspension

from the bed. This allowed identi®cation of the pro-
cesses that form colloids in this reach of the Animas
River and facilitated quantitative sampling of the

streams to determine mass transports.

2. Methodology

Stream¯ows were measured and water samples were
collected at sites in the Animas River (AR1-4), Mineral

Creek (MC), and Cement Creek (CC) during Septem-

ber 1996 (Fig. 1, Table 1). The stream length between

AR2 and AR4 is approx. 2.5 km. The AR1, AR4 and

MC sites were within 50 m of the USGS gages,
whereas the CC site was approximately 1 km down-

stream from the USGS gage. Fifteen-minute-interval

instantaneous values for ¯ow were obtained from the

USGS gages to supplement stream¯ows measured at
the six sampling sites.

The distribution of stream¯ow across a lateral trans-
ect was measured at each site so that equal-discharge-

increment (EDI) stations could be established

(Edwards and Glysson, 1988). Samples collected at
each EDI-station were vertically integrated through the

water column in order to obtain average concen-

trations for the segment. The number of EDI stations

at each site is shown in Table 1. Samples from the
EDI stations in the Animas River upstream of Cement

Fig. 2. Daily mean ¯ow (m3/s) at the Animas River below Silverton (AR4) gage: 1992±1996 water years. Months of June and July

are shown by JJ.

Table 1

Measured and USGS-gaged ¯ows (Q ) in m3/s during setup of the equal-discharge-increment (EDI) stations, 17±21 September 1996

SITE: SITE CODE (] Stations) Measured Q Gaged Q Date Time

Animas River at: AR1 (3) 1.78 1.84 17 September 16:00

Cement Creek: CC (2) 0.48 0.51 18 September 12:45

Animas below CC-I: AR2 (5) 2.27 2.35 18 September 11:30

Animas below CC-II: AR3 (3) 1.98 2.04 19 September 09:20

Mineral Creek: MC (2) 1.64 1.76 19 September 10:15

Animas River below: AR4 (3) 4.16 4.16 21 September 10:30

L.E. Schemel et al. / Applied Geochemistry 15 (2000) 1003±1018 1005



Creek (AR1) and in Cement Creek (CC) were com-
bined to produce a composite sample for each of these

two sites. Both individual EDI samples and composite
samples were processed at the other four sites. The
polyethylene sample bottles were wrapped in black

plastic to exclude light, then transported to the ®eld
laboratory for processing within a few hours.
Samples were shaken vigorously before processing in

the laboratory. Two un®ltered 125 ml aliquots (total
samples) were decanted from each sample carboy. One
was acidi®ed with HNO3 and used for measurements

of total metals. Speci®c conductance and pH were
measured on the other aliquot. Each EDI-station
sample was ®ltered through a tangential-¯ow ®ltration
apparatus (Minitan-S, Millipore Corp.1) to provide

0.45 mm and 10k Dalton ®ltrates. Most of the compo-
site samples were ®ltered through 0.45 mm ®lters, then
the remaining sample was stored for up to 2 days

before the colloids were concentrated using a Pellicon
ultra®ltration apparatus (Millipore Corp.) with 10 K
Dalton ®lters. Storage of some samples increased the

colloid contents because of oxidation of dissolved Fe.
In some cases, a second composite sample (-C2) was
processed in the same manner as the EDI samples.

All ®ltrates and particle concentrates for metal
analysis were acidi®ed with HNO3 (1% ®nal concen-
tration), then allowed to digest for at least 60 days. An
unacidi®ed 0.45 mm-®ltered sample was collected for

analysis of SO4 by ion chromatography.
Samples for total metals and acidi®ed aliquots of

concentrated colloids were pressure ®ltered before

analysis through 0.45 mm capsule ®lters (Millex-HV
SLHV025LS, Millipore Corp.) that had been pre-
cleaned with dilute HNO3 and pre-rinsed with sample.

Samples with speci®c conductance values exceeding
about 250 mS/cm were diluted, and others were diluted
to bring metal concentrations into the optimum range
for analysis. Dilution limited detection of Cu and Pb

at some sites.
Concentrations of Al, Ca, Cu, Fe, Mg, Mn, Pb, sili-

con (referred to here as dissolved silica), and Zn were

determined by inductively coupled Ar plasma atomic
emission spectroscopy (ICP-AES) using a Thermo Jar-
rell Ash ICAP 61. Results presented here are mean

values for two or more measurements made during
di�erent analytical runs. Precision was estimated from
a quality control solution measured at least twice

during each run. Values were within 24% of the mean
value from all the runs for all analytes.
Samples from both Creeks and the Animas River

were examined with a Brookhaven laser-scattering

instrument to estimate particle sizes (J.F. Ranville,
Colorado School of Mines, Golden, CO, written com-

munication). Mean particle sizes for all of the samples
were less than 0.6 mm, which is within the colloidal
size range (Bu�e and Leppard, 1995). Colloid concen-

trations were calculated by subtracting the ultra®ltrate
(10 K Dalton) value from the total concentration.

3. Results

During the period when water samples were col-

lected in this study (18±21 September 1996; Table 2),
¯ow of the Animas River at AR1 averaged 44% of the
¯ow at AR4, and in¯ows from Cement and Mineral
Creeks averaged 13 and 43% of the ¯ow at AR4, re-

spectively. Fifteen-minute-interval ¯ow data showed
that there was good agreement between the total of
these three major in¯ows and ¯ow measured at the

gage below Silverton during the 4 days (Fig. 3). The
largest variations in ¯ow occurred during the ®rst two
days, when a light snow storm passed through the

area. Gaged ¯ows and ¯ows measured at the sites
when the EDI stations were established agreed within
a few percentage points (Table 1).

Speci®c conductance and pH measurements showed
signi®cant di�erences between the Cement Creek and
Mineral Creek con¯uences. Speci®c conductance (nor-
malized to 258C) was 260 mS/cm in the Animas River

above Cement Creek (AR1; Table 3). Speci®c conduc-
tance in Cement Creek (CC) was 940 mS/cm, and this
in¯ow increased values downstream in the Animas

River to 420 mS/cm at AR3. In¯ow from Mineral
Creek (MC; 330mS/cm) reduced speci®c conductance
to 380 mS/cm downstream of the con¯uence at AR4.

The pH at AR1 was 7.5 (Table 3). In¯ow from Cement
Creek, which was pH 3.8, decreased pH at AR3 to
6.9±7.0. Mineral Creek in¯ow was mildly acidic

Table 2

Flows (Q) in m3/s during collection of samples from the Ani-

mas River, Cement Creek, and Mineral Creek, 18±21 Septem-

ber 1996

Site Code Date Time Q

Animas River AR1 18 September 09:30 1.78

Animas below CC-I AR2 18 September 11:30 2.27

Cement Creek CC 18 September 13:00 0.48

Animas below CC-II AR3 19 September 10:00 1.98

Animas below CC-II-C2 AR3-C2 21 September 08:30 2.32

Mineral Creek MC 19 September 11:00 1.64

Mineral Creek-C2 MC-C2 21 September 09:30 1.73

Animas below MC AR4 21 September 11:30 4.16

1 Any use of trade, product, or ®rm names is for descriptive

purposes only and does not constitute endorsement by the US

Government.
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(pH 6.6), and values downstream at AR4 were only
slightly lower than those at AR3.

3.1. Concentrations of metals

Six metals with concentrations within the optimum
analytical ranges for ICP-AES, Al, Ca, Fe, Mg, Mn,
and Zn, were selected for the descriptions of concen-

trations and mass-transports given here. Calcium had
the highest concentration among the metals in the
river and in the Creeks, with concentrations that were
generally an order of magnitude higher than Mg, the

metal with the second highest concentrations (Table 3).
Comparisons of analytical results from total and ®l-
tered samples showed that Al, Fe, and Zn were present

in both dissolved and colloidal forms (Fig. 4), whereas
Ca, Mg, and Mn were dissolved in the river and both
creeks (Table 3). Di�erences in concentrations between

total and ®ltered samples for Ca, Mg, and Mn were
not signi®cant relative to the analytical precision
(approx.24%).

Concentrations of Ca, Mg, and Mn in Cement
Creek were about a factor of 3±4 higher than concen-
trations upstream at AR1 (Table 3). Concentrations of

Mg in Mineral Creek were similar to those at AR3,

but lower concentrations of Ca and Mn in Mineral

Creek reduced concentrations of these metals at AR4.

Concentrations of Zn in Cement Creek were about

twice those at AR1, but concentrations in Mineral

Creek were less than those at AR3 (Fig. 4, Table 3).

Although variable, most of the Zn was dissolved in

both creeks and in the river, as shown by concen-

trations in the ultra®ltrates that were typically greater

than 85% of the total concentrations.

Total concentrations of Al and Fe were very low at

AR1 relative to Cement Creek, where they were more

concentrated by factors of about 80 and 60, respect-

ively (Fig. 4, Table 3). Consequently, concentrations of

Al and Fe were greatly increased downstream in the

Animas River, even though the ¯ow from Cement

Creek was much less than that at AR1. In the acidic

environment of Cement Creek, nearly all of the Al was

dissolved, and about half of the Fe was dissolved. At

AR2, gradients in concentrations across the channel

indicated incomplete mixing of Cement Creek water in

the river; however, colloids accounted for most of the

Al and a large fraction of the Fe. Farther downstream

at AR3, nearly all of the Al and three-quarters of the

Fig. 3. Total of ¯ows (m3/s) at the Animas River at Silverton and Cement and Mineral Creek gages compared to ¯ow at the Ani-

mas River below Silverton gage: 18±21 September 1996.
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Table 3

Analytical results for samples collected in the Animas River (AR), Cement Creek (CC), and Mineral Creek (MC)a

Sample Zn Al Fe Mn Ca Mg SpC pH Q m3/s

18 September 1996

T AR1-C 6.3 2.4 2.2 13 1080 106 260 7.54 1.78

F AR1-C 6.0 1.5 0.7 13 1070 108 260 7.54 1.78

X AR1-C 5.6 1.3 0.0 12 1020 103 260 7.54 1.78

T CC-C 12 197 135 40 4020 351 940 3.84 0.48

F CC-C 12 193 85 40 4030 351 940 3.84 0.48

X CC-C 12 192 (71) 40 3970 345 940 3.84 0.48

T AR2-1 8.4 83 60 24 2320 214 530 6.20 0.43

F AR2-1 8.3 10 32 24 2290 211 530 6.20 0.43

U AR2-1 (8.1) 8.3 30 24 2310 215 530 6.20 0.43

T AR2-2 7.9 62 44 21 2000 190 470 6.58 0.43

F AR2-2 7.6 2.3 21 22 2030 190 470 6.58 0.43

U AR2-2 7.5 2.6 18 21 2010 191 470 6.58 0.43

T AR2-3 7.5 50 35 20 1820 173 430 6.81 0.43

F AR2-3 7.1 1.0 9.4 20 1870 179 430 6.81 0.43

U AR2-3 6.9 1.1 8.1 20 1850 177 430 6.81 0.43

T AR2-4 7.2 29 21 17 1520 147 360 7.11 0.48

F AR2-4 6.3 1.2 2.0 16 1500 145 360 7.11 0.48

U AR2-4 6.1 0.3 1.5 17 1550 149 360 7.11 0.48

T AR2-5 6.2 6.2 4.7 13 1170 117 280 7.54 0.48

F AR2-5 5.6 1.4 0.1 13 1150 116 280 7.54 0.48

U AR2-5 4.8 2.0 0.1 12 1150 115 280 7.54 0.48

19 September 1996

T AR3-1 8.6 47 38 19 1740 166 420 6.92 0.65

F AR3-1 8.0 2.0 11.0 20 1780 170 420 6.92 0.65

U AR3-1 7.6 2.1 8.3 20 1780 169 420 6.92 0.65

T AR3-2 8.7 47 37 20 1770 168 420 6.96 0.65

F AR3-2 7.9 1.2 11 19 1740 165 420 6.96 0.65

U AR3-2 7.6 0.4 8.4 19 1730 166 420 6.96 0.65

T AR3-3 8.3 45 36 19 1730 165 420 6.89 0.65

F AR3-3 7.7 2.2 8.7 19 1750 167 420 6.89 0.65

U AR3-3 7.4 2.2 6.4 19 1740 166 420 6.89 0.65

T MC-1 3.4 73 59 4.9 1220 167 330 6.60 0.82

F MC-1 3.1 0.7 28 4.8 1210 166 330 6.60 0.82

U MC-1 3.1 0.2 24 4.9 1230 169 330 6.60 0.82

T MC-2 3.3 69 56 4.8 1220 168 330 6.60 0.82

F MC-2 3.1 0.0 25 4.8 1210 167 330 6.60 0.82

U MC-2 3.0 0.4 22 4.9 1230 169 330 6.60 0.82

21 September 1996

T MC-C2 4.0 72 49 5.1 1230 170 330 6.53 1.73

F MC-C2 3.8 1.5 23 5.0 1220 171 330 6.53 1.73

U MC-C2 3.7 1.2 19 4.9 1200 167 330 6.53 1.73
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Fe was colloidal. Concentrations of Al and Fe in Min-

eral Creek were much lower than the values in Cement

Creek, but higher than at AR3. In the slightly acidic

environment of Mineral Creek, nearly all of the Al was

transported as colloids, and more than half of the Fe

was colloidal (Table 3). Downstream at AR4, about

two-thirds of the Fe was colloidal, but nearly all of the

Al was colloidal.

E�ects of mixing and in-stream chemical processes

that are evident in the chemical data presented above

were visible on the banks and beds of the streams.

Iron precipitates coated the bed rocks in both Cement

and Mineral Creeks, and white particles from precipi-

tation of Al also had settled in shallow pools in Min-

eral Creek. Cobbles in the stream bed of the Animas

River above the con¯uence with Cement Creek were

not coated with Fe and no Al precipitate was evident.

However, the river bed where Cement Creek water

mixed with the Animas River (AR2) was coated with

white precipitate and the opalescence of the water was

visible evidence of the formation of colloids. Farther

downstream, ochreous coatings on the stream bed and

banks indicated precipitation of Fe. These coatings

extended downstream beyond the reach sampled in

this study.

Chemical transformations were most evident near

AR2, where Cement Creek mixed with the Animas

River. Measurements from EDI samples collected

across the channel in the mixing zone (AR2) showed

the large in¯uence of Cement Creek, with lowest pH

values and highest speci®c conductance values at AR2-

1, and values similar to those in the Animas River

upstream of the con¯uence at AR2-5 (Table 3). Similar

cross-channel gradients were seen in the concentrations

of metals (Fig. 4). Mass balance calculations from the

EDI stations showed that dissolved Al was reduced by

over 90%, and that dissolved Fe was lowered to 33%

of the total Fe. Similar calculations indicated a small

loss of dissolved Zn (<5%), that was mostly due to

the low concentration in the ultra®ltrate at AR2-5.

Details of the chemical processes at AR2 were veri-

®ed by mixing grab samples from Cement Creek and

the Animas River (AR1) in varying porportions in the

laboratory (Fig. 5). On the mixing diagrams, conserva-

tive mixing of a dissolved or colloidal chemical species

would result in a linear change between concentrations

in the Animas River and Cement Creek (see conserva-

tive mixing lines for dissolved Al and colloidal Fe).

Aluminium exhibited very large deviations from con-

servative mixing, whereas deviations for Fe were much

smaller. Nearly all of the Al and 59% of the Fe was

dissolved in Cement Creek (pH 3.8). The 18% Animas

River mixture increased pH to 4.6, resulting in

increases in colloids and decreases in dissolved Al and

Fe relative to the conservative mixing lines. Precipi-

tation of dissolved Al continued with increasing frac-

tions of Animas River water to 78%, where all the Al

was colloidal at pH 6.5 (note that the colloidal Al

value lies on the dissolved Al mixing line). However,

most of the colloidal Fe had formed by pH 5.3 (37%

Animas River water, which was equivalent to 17% of

the Fe dissolved in Cement Creek). This is comparable

to, but less than, the transformation of an estimated

28% of dissolved Fe indicated by the ®eld data. A

mixing diagram for Zn showed conservative mixing for

dissolved and colloidal Zn.

Table 3 (continued )

Sample Zn Al Fe Mn Ca Mg SpC pH Q m3/s

T AR3-C2 7.4 41 29 18 1670 152 400 6.97 2.32

F AR3-C2 6.9 2.6 14 17 1610 153 400 6.97 2.32

U AR3-C2 5.4 1.1 2.3 17 1570 149 400 6.97 2.32

T AR4-1 5.9 52 35 12 1470 164 380 6.86 1.39

F AR4-1 5.5 0.6 13 12 1490 164 380 6.86 1.39

U AR4-1 5.2 1.2 11 12 1450 163 380 6.86 1.39

T AR4-2 5.8 48 33 12 1440 160 380 6.83 1.39

F AR4-2 5.4 1.0 13 12 1440 159 380 6.83 1.39

U AR4-2 5.3 0.0 11 12 1430 160 380 6.83 1.39

T AR4-3 5.9 49 34 12 1460 161 380 6.96 1.39

F AR4-3 5.3 1.2 9.9 12 1450 158 380 6.96 1.39

U AR4-3 5.1 1.6 8.1 11 1420 159 380 6.96 1.39

a Concentrations of metals are micromolar. Speci®c Conductance (SpC) is mS/cm at 258C. Flow (Q m3/s) is cubic meters per sec-

ond. The T pre®x is for total, un®ltered samples. The F pre®x is for 0.45 mm ®ltrates. The U pre®x is for 10k Dalton ®ltrates from

the Minitan system. The X pre®x is for 10k Dalton ®ltrates from the Pellicon system. The -C su�x is for composites of EDI

stations. The number su�x is the EDI station number. The two values in parentheses are estimates from other samples.
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3.2. Mass transport for metals

Mass transport for the 6 metals were calculated

from total concentrations and ¯ow data (Table 4).

Transport for dissolved and colloidal forms of Al, Fe,
and Zn are shown graphically in Fig. 6. Precision of

these estimates was on the order of 5±10% because of

uncertainties in both the analytical measurements and

the ¯ow data. Cement Creek and the Animas River

each contributed about half of the Mn, Ca, and Mg to

their con¯uence. The Animas River was a larger con-

tributor of Zn, accounting for 66% of the total. As

indicated by the concentration data, Cement Creek

was the major source of Al (96%) and Fe (94%). In

Fig. 4. Concentrations (mM) of dissolved (<10k Dalton) and colloidal Zn, Al and Fe for EDI stations at sites on Cement and Min-

eral Creeks and the Animas River. Site locations are shown in Fig. 1.
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the mixing zone below Cement Creek (AR2) total

transport of the dissolved metals (Ca, Mn, and Mg)

and those present in both dissolved and colloidal

forms (Al, Fe, and Zn) agreed within 4% with totals

of the inputs from the Animas River and Cement

Creek.

Transport at AR3 was measured 3 days later under

similar ¯ow conditions to those when AR2 was

sampled (Table 2). The transport values for AR3 were

within 5% of the values for AR2. The small losses of

Al and Fe were within the estimated errors.

Mass-transport calculations for the con¯uence with

Mineral Creek showed that this creek was a substantial

source of metals to the Animas River (Table 4), even

Fig. 5. Diagrams showing pH and concentrations (mM) of dissolved and colloidal Al and Fe from a mixing experiment using

water from Cement Creek and the Animas River (AR1).
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though it did not greatly change the pH or speci®c
conductance in the river (Table 3). In¯ow from Min-

eral Creek more than doubled transport of total Al
and Fe in the Animas River (Fig. 6). The transport of
Mg also was nearly doubled, but Mineral Creek

accounted for only one-third or less of the total trans-
port of Zn, Ca, and Mn at AR4.
Mass transport for Ca, Mg, Mn, and Zn at AR4

were within 4% of the sum of the transport from AR3
and MC (Table 4). However, transport of total Al and
Fe at AR4 showed greater di�erences. Colloidal Zn,

Al, and Fe showed losses of 13, 28 and 68 kg/d, re-
spectively. An equivalent increase in dissolved Zn
resulted in no net loss of total Zn (Fig. 6). Small
increases in dissolved concentrations also resulted in

smaller net losses for Al (29 kg/d) and Fe (55 kg/d),
which were equivalent to only 6% and 9% of the col-
loidal transport, respectively.

Colloidal metals were directly measured in concen-
trates prepared by de-watering composite samples with
the Pellicon ®ltration system. Aluminium, Fe, and Zn

were signi®cantly enriched in the concentrates at all
sites except Cement Creek, where Fe was the only
metal that was enriched. Calcium, Mg and Mn were

not signi®cantly enriched at any of the sites.
With the exception of Cu in Cement Creek (0.6 mM),

ambient concentrations of Cu and Pb were low, <0.2
and <0.08 mM, respectively, and the analytical results

often could not be distinguished from values for
blanks. However, the concentrates from Mineral Creek
and the Animas River sites did show higher values for

Cu and Pb. Values from the concentrates were used to
calculate ambient concentrations and mass transport
of colloidal Cu and Pb (Table 5). Increases in colloidal

Cu and Pb between AR1 and AR2 indicate that these
metals, which were not associated with colloids in
Cement Creek, sorbed to or coprecipitated with col-
loidal Al and Fe. The dissolved Cu concentration in

Cement Creek was equivalent to a transport of 1.7 kg/

d, which is comparable to the apparent increase of 1.3
kg/d in colloidal Cu shown in Table 5. A Pb concen-
tration of 0.1 mM in Cement Creek would produce the

increase in Pb transport that was observed at AR2.
Both Cu and Pb were supplied by Mineral Creek in
colloidal form. Cement Creek and Mineral Creek sup-
plied similar amounts of Pb, but Mineral Creek was

the largest source of Cu (about 60% of the total trans-
port at AR4). Inputs from the upper Animas River
(AR1) were much lower than those from the Creeks

for both metals.

3.3. Sulfate and dissolved silica

Concentrations and mass transport for SO4 and dis-
solved silica are summarized in Table 6. In general,

concentrations of SO4 were similar to or exceeded
those for Ca, the most abundant cation, and were

Table 5

Concentrations (mM) and mass transports (kg/day) of col-

loidal Cu and Pb

Site-sample Cu Pb

(mM) (kg/d) (mM) (kg/d)

18 September 1996

AR1-C 0.04 0.4 0.013 0.4

AR2-C 0.14 1.7 0.035 1.4

19 September 1996

AR3-C 0.17 1.8 0.035 1.2

MC-C 0.36 3.2 0.038 1.1

21 September 1996

AR4-C 0.24 5.4 0.032 2.4

Table 6

Concentrations (mM) and mass transports (kg/day) of SO4

and dissolved silica (as Si)

Site-sample Sulfate Dis. silica

(mM) (kg/d) (mM) (kg/d)

18 September 1996

AR1-C 860 12700 114 493

CC-C 4680 18700 456 531

Total inputs 31400 1024

AR2-EDI 1920 31100 190 1047

21 September 1996

AR3-C2 1800 34600 172 969

MC-C2 1410 20200 182 764

Total inputs 54800 1733

AR4-EDI 1670 57500 179 1808

Table 4

Mass transport of metals (kg/day) from total (T) concen-

trations and ¯ows shown in Table 3

Site-sample Zn Al Fe Mn Ca Mg

18 September 1996

AR1-C 64 10 19 110 6670 397

CC-C 33 221 314 91 6700 355

Total inputs 97 231 333 201 13370 752

AR2-EDI 94 232 345 199 13500 782

21 September 1996

AR3-C2 97 222 331 198 13400 742

MC-C2 39 290 409 42 7350 617

Total inputs 136 512 740 240 20750 1360

AR4-EDI 138 483 685 236 21000 1410
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about an order of magnitude greater than concen-

trations of dissolved silica. The concentration of SO4

in Cement Creek was a factor of 5 times greater than

that in the upstream Animas River. Sulfate concen-

trations in Mineral Creek were only one third the

value in Cement Creek and were lower than that at

AR3. The concentration of dissolved silica in Cement

Creek was about 4 times higher than that at AR1 and

about twice those at the other sites, including Mineral

Creek.

Sulfate and dissolved silica transports within the

mixing zone downstream of Cement Creek (AR2) were

very close to the sum of the upstream Animas River

and Cement Creek transports (Table 6). Similarly, at

Fig. 6. Transports (kg/day) of dissolved (<10k Dalton) and colloidal Zn, Al, and Fe at sites on Cement and Mineral Creeks and

the Animas River. Site locations are shown in Fig. 1.
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AR4, small gains of SO4 (5%) and dissolved silica
(4%) relative to the sum of the transport from AR3

and Mineral Creek were within estimated errors.
Therefore, SO4 and dissolved silica were conservatively
transported through this reach of the river.

4. Discussion

Flow and mass-transport balances showed that the
upper Animas River, Cement Creek, and Mineral
Creek accounted for most of the ¯ow and chemical
transport at AR4 during this study. Monthly average

¯ows are usually highest in June and July, but ¯ow in
1996 was highest in May because of the early spring
thaw (Fig. 2). The discharge at AR4 from June

through September 1996 was only about 60% of the
1992±1996 average. These characteristics of the 1996
water year indicate that in¯ows from small gulches

and groundwater also were less than normal. During
the late summers of relatively wet years, 1993 and
1995, ¯ows in the Animas River below Silverton were
10±12% higher than the sum of the 3 upstream gages.

However, ¯ows nearly balanced in summer 1992,
which was drier than average and similar to 1996. An
additional factor that might have contributed to the

agreement of ¯ow and transport balances in this study
was that the river was restricted to fewer channels than
can be the case when ¯ow is higher.

Good agreement in ¯ows and transports of total Al,
Fe, and Zn also were obtained from measurements
during a 5-day study in September 1991 (CDPHE data

base). Most of the daily results from below Silverton
showed only small losses (<15%) of Al and Fe rela-
tive to the tributary inputs. However, ¯ow below Sil-
verton increased by a factor of two at the end of the

study, and transports of Al and Fe were one-third
greater than the tributary inputs. These data indicate
that some settled or entrapped colloidal metals can be

remobilized in this reach of the river when ¯ow
increases during summer storm events. In comparison,
the variations in ¯ow during the present study were

relatively small.
Many chemical aspects of the mixing of Cement

Creek with the Animas River were very di�erent in
comparison to Mineral Creek. Speci®c conductance,

pH, and concentrations of SO4, dissolved silica, and
many metals in Mineral Creek were similar to those in
the Animas River upstream of the con¯uence. In con-

trast, pH in Cement Creek was much lower than that
in the upstream Animas River, and speci®c conduc-
tance, SO4, dissolved silica, and most metals were

much more concentrated in Cement Creek. An import-
ant consequence of mixing in the Animas River was
that substances dissolved in the low pH (3.8) waters of

Cement Creek experienced a very large increase in pH

(>3 units), which substantially decreased the solubility
of some metal ions and complexes. This was most evi-
dent for Al, which was dissolved in Cement Creek but

formed colloidal particles in the mixing zone to AR3
(pH 6.9).

The formation of colloidal Al(OH)3 during the neu-
tralization of acidic solutions has been described in
many ®eld and laboratory studies (e.g., Nordstrom

and Ball (1986) and references therein). With large
changes in pH, hydrolysis of Al is a rapid process that
produces predominantly amorphous colloids, which

slowly aggregate and eventually form microcrystalline
gibbsite or other minerals (e.g., Lydersen et al., 1991).

Amorphous Al(OH)3 begins to form near pH 4.6. The
present mixing experiment showed that about 10% of
the Al dissolved in Cement Creek had formed particles

by pH 4.6 and that nearly all of the Al had formed
particles by about pH 6.5 (Fig. 5). This also was simi-
lar to observations in the mixing zone at AR2. Alumi-

num remains relatively insoluble in the range of pH 6±
8 in the absence of other complexing ligands (Stumm

and Morgan, 1996), which is consistent with concen-
trations of 2 mM or less at AR1, AR3, and AR4.
Ferrous iron is soluble even at the highest pH values

observed in this study, but it is eventually converted to
Fe(III) by abiotic and bacteria-mediated oxidation
(Singer and Stumm, 1970; Nordstrom, 1982, 1995).

Ferric iron is only moderately soluble at the pH of
Cement Creek and would be present most likely as

amorphous oxyhydroxide colloids at the higher pH
values observed in Mineral Creek and the Animas
River (Stumm and Morgan, 1996). Precipitation of

Fe(III) in Cement Creek was apparent from abundant
ochreous coatings on the stream bed and banks, and is
consistent with the results showing that about one-half

of the Fe transport in Cement Creek was colloidal.
As demonstrated by the mixing experiment, even a

relatively small increase in pH upon mixing Cement
Creek waters in the Animas River resulted in the rapid
precipitation of some dissolved Fe, presumably Fe(III).

The higher pH in the Animas River at AR3 and AR4
and in Mineral Creek would favor faster abiotic oxi-

dation of Fe(II), and photoreduction of amorphous
Fe(III) oxyhydroxides would be much slower than in
more-acidic waters (Waite and Morel, 1984). This

coupled with biotic oxidation processes could account
for losses of dissolved Fe that were observed in the
Animas River downstream from both creeks.

Mineral Creek receives water from acidic tributaries,
but pH was only mildly acidic near the con¯uence with

the Animas River during this study. Therefore, reac-
tions and transformations associated with the neutral-
ization of acidic in¯ows had occurred upstream in the

Mineral Creek drainage. Nearly all of the Al and over
half of the Fe from Mineral Creek were supplied to
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the Animas River as previously formed colloids. Coat-

ings on rocks and aggregates in shallow pools in Min-

eral Creek indicated the loss of some Al and Fe

colloids that could be remobilized by increased ¯ow or
decreased pH.

Monthly measurements since 1992 (CDPHE data

base) show that pH is typically above 6.5 at the gage
on Mineral Creek, but that pH can be substantially

lower during low ¯ow. Under these conditions some

amorphous Al precipitate could redissolve in Mineral

Creek and form colloids when it enters the Animas

River. Reversibility of Al precipitation has been

demonstrated in mine-a�ected streams (e.g., Broshears
et al., 1996). Decreases in pH also can result in de-

sorption of Cu, Zn, and other metals from amorphous

Fe oxyhydroxides (Davis et al. 1991). Measurements at

the Cement Creek gage (CDPHE data base) shows

that pH is typically low, but can increase above 5.5, in-

dicating that precipitation and dissolution processes
could a�ect the transport of both Al and Fe before

¯ow reaches the Animas River.

Copper, Pb, and Zn appeared to have sorbed (copre-
cipitated or adsorbed) to the Al and Fe colloids at the

Animas River sites downstream from Cement Creek

and in Mineral Creek, where pH was near-neutral. In

contrast, results from the colloid concentrates showed

that Al, Cu, Pb, and Zn were not associated with the

predominantly Fe particles in Cement Creek (pH 3.84).

This is consistent with studies that show little sorption

of these metals onto amorphous Fe oxyhydroxide

below pH 4, and that sorption increases with increas-
ing pH (e.g., Benjamin and Leckie, 1981).

The large increase in pH and the formation of col-

loidal Al and additional colloidal Fe in the mixing
zone near AR2 provided conditions for coprecipitation

and adsorption of metals that had been dissolved in

Cement Creek. A recent study by Karthikeyan et al.

(1997) suggests the importance of both coprecipitation

and adsorption in the removal of Cu by Al and Fe hy-

droxides. Studies of Al and Fe hydroxide sorbents
show that Cu and Pb are removed from solution over

a lower pH range than Zn (Benjamin and Leckie,

1981; Duker et al., 1995).

Field data from the Animas River downstream from

Cement Creek indicated that signi®cant sorption of Zn

did not occur until pH exceeded the range where Al

and Fe colloids had formed in the mixing zone (Fig. 7).

However, colloidal Fe continued to precipitate down-

stream in the river as Fe(II) was oxidized, which could
have removed additional Zn at higher pH. Only 2±4%

of the Zn was colloidal at pH values less than 6.6

(Fig. 7). The ®eld data show an increase in the fraction

of colloidal Zn with increasing pH at values greater

than 6.6 in a manner that indicates pH-dependent

Fig. 7. Percentage of total Zn in colloidal form with respect to pH in the Animas River. Filled circles are data from Table 3; open

boxes are unpublished measurements from other dates and locations between AR2 and AR4.
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adsorption. The amounts of colloidal Zn in the three
samples with pH >7.1 might be partly explained by

di�erences in the concentrations of colloids. The total
concentration of colloidal Al and Fe in the sample
from AR1 was only 3 mM, whereas that in the sample

from AR2-5 about 9 mM. The total concentrations of
Zn and pH were about the same in both of these
samples, but the colloidal Zn was about twice as great

in the sample from AR2-5. Nearly 30 mM of colloidal
Al and Fe were present in the sample from AR2-4, but
pH was 7.1. Even though the abundance of colloidal

sorbent was greater at AR2-4, colloidal Zn was less at
the lower pH. These ®eld data indicate that the pH
values in the mixing experiment (highest value 6.5)
were too low for appreciable adsorption to be

observed.
Colloids formed by acid mine drainage can be more

e�ective sorbents than pure minerals because of the in-

¯uences of SO4 and bacteria during the formation of
the precipitates (Webster et al., 1998). However, in the
case of the Animas River colloidal Al and Fe coexist

in the water column and the interaction of these two
sorbents might be an important factor. Zinc appears to
sorb preferentially to Fe hydroxide, but the presence

of Al hydroxide enhances removal of Zn over systems
with Fe hydroxide alone (Anderson and Benjamin,
1990). In general, increases in pH and in the concen-
trations of Al and Fe colloids appear to be the two

major factors that could lead to greater sorption of Zn
(Benjamin and Leckie, 1981; Jenne, 1998). Conse-
quently, greater abundance of colloidal Al and Fe

during spring runo� could also increase the sorption
of Zn.

5. Summary and conclusions

Calcium, Mg, Mn, SO4 and dissolved silica were
conservatively transported through this reach of the

Animas River. Aluminium, Fe, and Zn were trans-
ported in dissolved and colloidal forms, and small
losses of colloids were observed. Measurable concen-

trations of Cu and Pb were found in colloids collected
at all sites except Cement Creek. Cement and Mineral
Creeks were the dominant sources of Al, Cu, Fe and
Pb, whereas the Animas River upstream of Silverton

supplied about half of the Zn. With the exception of
Fe, which was present in dissolved and colloidal forms,
the metals were dissolved in the acidic waters of

Cement Creek. Mixing of Cement Creek with the Ani-
mas River increased pH to near-neutral values and
transformed Al and some Fe into colloids. Aluminium

and about half of the Fe were colloidal in the mildly
acidic Mineral Creek. Oxidation of dissolved Fe con-
tinued to produce colloidal Fe in the Animas River

downstream from the mixing zones. The colloids in
Mineral Creek and the Animas River were e�ective in

sorbing Cu, Pb, and a small fraction of the Zn.
Adsorption of Zn in this reach of the river appeared to
be limited by pH and the concentration of colloidal Al

and Fe during this study.
Small losses of colloids over this reach of the Ani-

mas River indicated that colloidal and sorbed metals

can be transported long distances downstream. The
formation of colloids, the transport of metals involving
colloids, and the deposition of colloids are processes

that a�ect the water and stream-bed chemistry and
aquatic life in the upper Animas River.
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